Purpose Fluoropyrimidines like 1-(2′-deoxy-2′-fluoro-β-Darabinofuranosyl)-thymine (FMAU) and 3′-deoxy-3′-fluorothymidine (FLT) accumulate in tumors and are being used as positron emission tomography tumor-imaging tracers. Proliferating tissues with high thymidine kinase 1 (TK1) activity retain FLT; however, the mechanism of selective accumulation of FMAU in tumors and certain other tissues requires further study.
Introduction
Positron emission tomography (PET) is used to image the distribution of radiolabeled compounds within the body. One group of compounds used in PET is fluoropyrimidines. While [ 11 C]thymidine can be used for PET imaging, the short halflife of [ 11 C] (approximately 20 min) and rapid metabolism by thymidine phosphorylase in the blood limit its applications. Thymidine phosphorylase-resistant fluoropyrimidines have been developed to overcome those limitations. These compounds can be labeled with [ However, this limits its application in detecting metastatic foci in normal tissues with a high proliferation rate, such as bone marrow [6] . Unlike FLT, [1-(2′-deoxy-2′-fluoro-beta-Darabinofuranosyl)-thymine (FMAU)] was developed to image tumor proliferation, but it has low baseline marrow uptake in patients [7, 8] . A more complete understanding of the mechanisms of FLT and FMAU retention is needed to understand these differences. Previous studies on thymidine kinase activities in the cytosolic and mitochondrial cell fractions and recombinant human TK1 imply that FMAU is a better substrate for thymidine kinase 2 (TK2) compared to TK1 in humans (2.7 times faster phosphorylation by mitochondrial fraction and 4.7 times smaller Km compared to recombinant human TK1 [9, 10] . It has been previously demonstrated that TK1 can phosphorylate thymidine and FLT more efficiently compared to FMAU 40 and 20 times, respectively [11] . However, due to the high levels of TK1 in proliferating tissues, the relative contribution of TK2 in retaining FMAU in proliferating cells has not been studied. The availability of the TK1-specific substrate (FLT) TK2-specific substrate (Ara-T), and TK2 inhibitor [bromovynil deoxyuridine (BVDU)] [12] [13] [14] , provided the needed tools to measure the role of TK2 in FMAU retention. Previous experiments with H 2 O 2 and certain antineoplastic treatments have shown to increase mitochondrial DNA and mass [15] [16] [17] [18] [19] . These changes were assumed to be due to oxidative stress. In the current study, it was hypothesized that since TK2 is a mitochondrial enzyme, its activity might be increased in cellular stress. The results revealed that both FLT and FMAU are metabolically retained in cells primarily in the phosphorylated forms, but unlike FLT, FMAU retention is primarily due to TK2 activity even in the proliferating cells with high TK1 activity. It also shows that FMAU retention increases not only after oxidative stress but also after different types of stress involving various pathways. Furthermore, increased FMAU phosphorylation is correlated with the activity of mitochondrial thymidine kinase (TK2) and mitochondrial mass, indicating the potential for tracking cellular stress and mitochondrial mass with [ To measure total cellular uptake, the cells were washed with a solution containing 50% ethylene glycol (Sigma-Aldrich, St. Louis, MO, USA) in phosphate-buffered saline (PBS; Invitrogen, NY, USA) three times to stop further transmembrane transport and phosphorylation quickly. To slow down the transport and reactions, the washing solution was kept as cold as possible by keeping it on dry ice until it started to freeze (−34°C). After washing, the cells were lysed by 1 M KOH, mixed with ten times the lysate volume with Hionic-Fluor scintillation cocktail (Perkin-Elmer, Waltham, MA, USA), and the activity of samples was measured by a Packard Tricarb 2100TR liquid scintillation analyzer (Perkin-Elmer). To measure the retention of trapped tracers, the cells were washed with 37°C RPMI-1640 three times, allowing the tracers that are not trapped to leave the cells. To measure DNA incorporation, 1 M perchloric acid was added to the cells and centrifuged for 20 min at 14,000×g (Eppendorf centrifuge 5417R, Westbury, NY, USA). The pellet was washed with 100% 0°C ethanol (Sigma-Aldrich) three times, spun after each wash for 20 min at 14,000×g, and dissolved in 1 M KOH; and then the activity was measured by the method above. To block FMAU incorporation into the DNA by inhibiting DNA polymerase gamma, dideoxycytidine (ddC) was used [20] . Cells were incubated for 2 h with 200 μM ddC (Sigma-Aldrich), washed two times with 5 ml 37°C, and then were incubated with FMAU for cellular uptake and DNA incorporation after 2 h.
Materials and methods

Cell
HPLC analysis
HPLC was used to determine the relative amounts of parent compounds and their metabolites in cells. Analysis was based on the method developed by Grierson et al. [5] . Briefly, 200 μl of sample was loaded onto a Hamilton PRP-X100 10 μm 150×4.1 mm column (Hamilton, Reno, NV, USA). The column was eluted at 1 ml/min with mobile phases A (10% acetonitrile in water) and B [0. Testing the effects of nutritional stress To put cells under nutritional stress, they were split to approximately 200,000 cells per well in six-well cell culture plates and were kept in the same medium for 5 days, and then retention of the tracers was measured. To determine the effect of nutritional stress on tracer uptake into the cells and its phosphorylation, total cellular uptake including both retained and non-retained tracers was analyzed by HPLC. Cells were incubated with either [ 3 H]FLT or [ 3 H]FMAU, washed with −34°C 50% ethylene glycol in PBS three times, and were frozen rapidly by putting the plate on a mixture of methanol and dry ice. The cell lysate was then analyzed by HPLC.
Testing the effects of TK2 inhibitor on FMAU and FLT To inhibit TK2, 0.34 μM BVDU (Sigma-Aldrich) [13] , was incubated with [ 3 H]FMAU in cell culture studies. To confirm that BVDU decreases FMAU retention by TK2 inhibition, rather than by inhibiting FMAU transport into the cells, PC3 cell lysates were also co-incubated with tracers and BVDU, and the generated compounds were analyzed by HPLC.
Testing the effects of cellular stress on FMAU retention and TK2 Cells were put under oxidative stress with 0.03% H 2 O 2 (Sigma-Aldrich), reductive stress with 1 μM dithiotreitol (DTT; Bio-Rad, Hercules, CA, USA), and energy stress with 1 μM dinitrophenol (DNP; Sigma-Aldrich). To stimulate adenosine monophosphate-activated protein kinase (AMPK), cells were treated with 0.2 mM 5-amino-4-imidazolecarboxamide riboside (AICAR; Berry & Associates, Dexter, MI, USA). To inhibit elongation initiation factor 2 (eIF2), cells were treated with 10 nM salubrinal (Calbiochem, CA, USA). To determine if FMAU phosphorylation is accompanied by increased activity of TK2, control and treated cells (for 24 h) were lysed by freezing and thawing the cells three times. Cells treated in parallel were counted, and the amount of lysate used for incubation was adjusted according to cell number and was incubated with [ 3 H]FMAU or TK2-specific substrate, [ 3 H]Ara-T (purity of 99% by HPLC, specific activity 4 Ci/mmol; Moravek) for 4 h at 37°C and then analyzed by HPLC. The HPLC counts were adjusted for the total loaded counts of 100,000 disintegrations per minute (DPM), and the phosphorylated fractions were determined.
Flow cytometry
After 24 h treatments, cells were washed, trypsinized, and then washed twice with PBS. To eliminate factors affecting permeability to mitotracker green and its integration into mitochondrial membrane, cells were fixed in 0°C 70% ethanol for 20 min and then incubated in 20 nM mitotracker green (Invitrogen, St. Louis, MO, USA) for 20 min at 37°C. Cells were kept on ice while being transferred to a FACScan flowcytometer (BD Biosciences, San Jose, CA, USA) equipped with CellQuest software (Becton Dickinson, Franklin Lakes, NJ, USA). The mean fluorescence intensity was measured with the FL1 detector. Cell clumps and cellular debris were excluded from the analysis using conventional dot-plot gating.
Statistic analysis
The relationship between parameters was evaluated with linear regression models, fit by least-squares estimation of the slope and intercepts. The goodness of fit was assessed by r 2 value. GraphPad Prism version 4b (Graphpad Software, San Diego, CA, USA) was used for regression models.
Results
FLT retention is higher than FMAU in proliferating cells
To compare the amount of trapped FMAU and FLT in proliferating cells, after incubation with tracers, the cells were washed with their culture media (warm RPMI-1640) to remove untrapped tracers from the cells and extracellular space. Results showed that PC3 cells had trapped about 11 times more FLT than FMAU in 10 min (control FLT vs. control FMAU in Table 1 ). This ratio between FLT and FMAU remains high (about 15 times more FLT than FMAU) over 1 h of incubation. There was also a high ratio of retained FLT to FMAU at 10 min in other cell lines as well (sevenfold in LNCaP cells, eightfold in DU-145, and fivefold in breast cancer cell line MDA-MB-231; Fig. 1a) .
A comparison between total cellular uptake of FMAU and FLT demonstrated about 7.9% difference between their uptakes during the first minute of incubation in PC3 cells (Fig. 1b) . One-minute incubations did not lead to trapping, and the tracers could be almost completely washed out of the cells at this time (trapped tracers in Fig. 1c and d at 1 min). The difference between trapped FLT and FMAU became visible only after 2 min, when trapped FLT accumulated 11 times more than FMAU over the period of 10 min (trapped curves in Fig. 1c and d) . It was also noted that less than 10% of trapped FMAU was incorporated into DNA by 10 min (Fig. 1d) . Pre-incubation with ddC (to inhibit DNA polymerase gamma) did not have a significant effect on FMAU retention (1,445±21) compared to (1,428±10) DPM per million cells in control at 10 min. Pre-incubation with ddC did cause a 78% decrease in DNA incorporation after 2 h (606±10 vs. 2,750±69 DPM per million cells) in treated and control cells, respectively.
Phosphorylated FMAU and FLT are the main trapped forms
To identify the main metabolic retained forms of the tracers in the cells, extracts were analyzed by HPLC. Phosphorylated FMAU and FLT were the main retained forms trapped inside the cells after 10 min of incubation (44% and 86% of total activity, respectively; Fig. 2a and  b) . The rest of the uptake was distributed among small peaks, barely detectable above the background. Therefore, the rate of phosphorylation is the limiting factor in trapping these tracers. Cells were incubated for 10 min with 3 H-FLT or 3 H-FMAU and then washed with cell culture medium to remove untrapped tracers. For the BVDU study, cells were incubated with tracers in the presence of BVDU ("with BVDU" column). To observe the effect of nutritional stress on the uptake, cells were kept in the same medium for 5 days ("Starved" column). To see the effect of other stressors, cells were treated for 24 h with mentioned compounds. 
Blocking TK2 inhibits FMAU retention and phosphorylation
To determine the role of TK2 in metabolic retention and phosphorylation of FMAU, BVDU, an inhibitor of TK2, was incubated with FMAU. The TK2 inhibitor, BVDU, decreased trapped FMAU by 71% (Table 1) but did not decrease trapped FLT in cell culture studies with PC3 cells. HPLC analysis of the cell lysates confirmed that BVDU inhibition of TK2 decreases FMAU phosphorylation by more than 73% (Fig. 4a,b) , without significant effects on FLT (Fig. 4c,d) , signifying the role of TK2 activity in FMAU retention and phosphorylation.
Various types of cellular stress increase FMAU retention and TK2 activity All PC3 cells treated with H 2 O 2 , DTT, DNP, AICAR, and salubrinal had increased intracellular trapped FMAU (Table 1) . After 24 h of treatment with stressors, cell numbers decreased (AICAR 67%, DNP 34%, DTT 20%, and H 2 O 2 57% compared to control; Table 1 ). Similar tests showed that treating LNCaP cells with H 2 O 2 and DTT for 24 h increased trapped cellular uptake of FMAU by 125% and 24%, respectively. Since Ara-T is a specific substrate for TK2, phosphorylated Ara-T was used to determine the activity of TK2. HPLC analysis of cell lysates showed a correlation between phosphorylation of Ara-T, as an Fig. 5a ).
Various types of cellular stress increase mitochondrial mass
Flow cytometry using mitotracker green staining demonstrated increased mitochondrial mass after starvation, AICAR, DTT, H 2 O 2 or salubrinal treatments of PC3 cells (Fig. 5b) . There was also a correlation between intracellular trapped FMAU and mitochondrial mass (r 2 =0.88, p= 0.006) in stressed cells.
Discussion
Mammalian cells have two known thymidine kinases, TK1 and TK2. TK1 is a cytosolic, cell cycle-dependent enzyme with highest levels of activity during S phase [21] [22] [23] . TK2 is independent of the cell cycle and localized in the mitochondria [24] [25] [26] . Thymidine analogs, FLT and FMAU, have high retention in tumor tissue and are used for PET tumor imaging [6, 7] . Compared to FLT, FMAU has a faster clearance, shorter imaging time, and low uptake in the bone marrow [7] . Previous work has shown that FLT is phosphorylated specifically by TK1 [1, 2, 5] , and its uptake in tumors correlate with TK1 activity and proliferation rate [27] . Unlike FLT, FMAU uptake did not correlate with tumor proliferation in animal studies [28] . Furthermore, the mechanism of increased FMAU retention in tumors with little retention in proliferating bone marrow was not known. As shown in the present and previous studies, uptake of FLT in the fast proliferating cells in culture is much higher than FMAU [7, 29] . One potential reason for higher FLT uptake could be the higher transmembrane transport of FLT compared to FMAU. In the case of FMAU and FLT, 1-min incubation leads to rapid intracellular accumulation, but both tracers can be washed out of the cells, as demonstrated by curves of trapped FMAU and FLT. This suggests that 1 min is early enough to measure their transport into the cells. Similar levels of FMAU and FLT uptake in the first minute (Fig. 1a) suggested comparable transport of both tracers into the cells. Furthermore, tracers are metabolically trapped inside the cells primarily in the phosphorylated forms, as shown by HPLC analysis (Fig. 2a,b) . Keeping cells in their medium for an extended length of time induces nutritional stress, decreases proliferation, and causes cell death. As expected, such a stress decreased the amount of trapped FLT; however, it demonstrated opposite effects on trapped FMAU, suggesting a different mechanism for its metabolic retention. The similar level of FLT in the cells under nutritional stress and control cells indicates that FLT can enter the cells at a comparable rate in both cases; however, decreased FLT phosphorylation is an indication of lower TK1 activity after nutritional stress. Increased trapped FMAU, despite decreased amounts of trapped FLT, suggests that FMAU phosphorylation is not due to TK1 activity.
Decreased TK1 activity could not explain increased FMAU retention; therefore, TK2 was tested as the second candidate. Since BVDU inhibits TK2 and not TK1 [12] [13] [14] , it was used to determine the role of TK2 in FMAU retention and phosphorylation. BVDU co-incubation, at a concentration that did not have significant effects on FLT retention and phosphorylation, decreased trapped FMAU. Furthermore, decreased FMAU phosphorylation in cell lysates in the presence of BVDU confirmed the preferential Table 1 and Fig. 4) . It also confirmed the previous studies on thymidine kinase activities in cytosolic and mitochondrial cellular fractions and recombinant human TK1, which had suggested FMAU as a weaker substrate for TK1 than TK2 in humans [9, 10] , especially compared to thymidine and FLT [11] . Decreasing trapped FMAU in the presence of BVDU in proliferating human cells with high FLT uptake demonstrates the level of contribution of TK2 in metabolic retention of FMAU and the fact that high levels of TK1 activity in these cells does not efficiently trap FMAU.
Due to the lack of 3′ hydroxyl group, FLT incorporation into the DNA leads to termination of DNA elongation. Unlike FLT, FMAU can incorporate into the DNA. FMAU retention in human tumors was shown to occur in about 10 min, which is the window of human PET tumor imaging [30] . Low incorporation of FMAU into the DNA after 10 min of incubation indicated that DNA incorporation does not have a significant role in the FMAU PET images. Blocking DNA incorporation of FMAU by ddC, without significant effects on FMAU retention, ruled out DNA incorporation as a necessary step in its cellular retention as well.
Considering that FMAU is mainly captured in the phosphorylated form, its correlation with TK2 activity was tested. As a specific substrate of TK2, Ara-T phosphorylation was used to measure TK2 activity [4, 31] . Correlation between phosphorylation of FMAU and Ara-T, as well as correlation between FMAU retention and mitochondrial mass, suggest that FMAU can be used to track TK2 activity and mitochondria, which is in agreement with high FMAU retention in mitochondrial rich tissues, like heart, in PET imaging studies in human subjects [7] .
Increased FMAU retention during cellular stress, correlation between FMAU retention and mitochondrial mass and TK2, low incorporation of FMAU into the DNA, and finally, unchanged FMAU retention despite blocked DNA incorporation distinguish FMAU retention and imaging from proliferation and DNA synthesis. These also explain the low uptake in the human bone marrow in PET imaging studies [7] and weak correlation with tumor proliferation [28] . However, these data should be interpreted in the context of variations in pharmacokinetics and pharmacodynamics in different species. For example, rodents have much higher levels of thymidine in the blood than levels found in dogs and humans, and this may interfere with tracer uptake of FMAU and FLT in rodents. A second issue is that the affinities of TK1 and TK2 for thymidine, FMAU, and FLT may vary between species. Thus, although the present study shows that TK2 plays the main role in FMAU retention in humans, this tracer might be a better substrate for TK1 in some other species and show high uptake and rapid incorporation into the DNA in proliferating tissues [32] . A third factor that may play a role in selective tissue accumulation is blood clearance. Rapid clearance from blood in human subjects [7] limits the access of the tissues to FMAU to about 11 min. In dogs and mice, however, the compound remains in the circulation much longer [32, 33] . This prolonged access may give time for TK1-rich tissues to accumulate high levels of FMAU and change the pattern of retention and relative tissue specificity of this tracer compared to humans.
Increased captured FMAU after oxidative, reductive, and energy stress, by treating cells with H 2 O 2 , DTT, and DNP, suggested that different types of stress may increase TK2 activity. Two main known stress pathways are AMPK activation in energy stress [34] [35] [36] and eIF2 inhibition in endoplasmic reticulum (ER) stress and hypoxia [37] [38] [39] . Furthermore, increased TK2 activity in reducing conditions suggests a connection between ER stress and mitochondria. It can also be postulated that treating cells with reducing agents may increase reactive oxygen species and oxidative stress [40, 41] . However, DTT reverses S-nitrosation and its inhibition of mitochondrial complex I [42] . Therefore, keeping cells in a reducing condition with DTT weakens such a possibility. An opposite mechanism can also be hypothesized, where oxidative stress or mitochondrial damage can lead to the generation of ER stress [43] [44] [45] . It has also been suggested that mitochondria play a role in ER stress and ER-induced apoptosis [46] [47] [48] . Regardless of the mechanisms involved, these data indicate that increased TK2 activity and mitochondria are general phenomena observed after different types of stress. Further studies are needed to clarify the pathways leading to increased TK2 activity and mitochondria.
Although FMAU accumulates more slowly than FLT in the fast proliferating cells, its intracellular capture is close to FLT in stressed cells. Pilot clinical studies show that tumor uptake of FMAU and FLT are similar [7, 29] . AMPK activation and eIF2 inhibition have been shown in tumors [37, 49, 50] . Together, these suggest that unlike fast proliferating cells in the lab, tumor cells in the body are under stress. Therefore, measuring FMAU retention may offer important new information about tumor metabolism that complements data from other sources, including PET imaging with FLT. It may also prove to be a useful tool to measure for the effect of treatment by imaging stress or for imaging apoptosis. Identifying the mechanisms involved in vivo in patients and their potential diagnostic and therapeutic applications will require further studies.
